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The genes encoding the heavy and light chains of swine antibodies are organized in the
same manner as in other eutherian mammals. There are s30 VH genes, two functional
DH genes and one functional JH gene, 14–60Vk genes, 5Jk segments, 12–13 functional
Vl genes, and two functional Jl genes. The heavy chain constant regions encode the
same repertoire of isotypes common to other eutherian mammals. The piglet models
offers advantage over rodent models since the fetal repertoire develops without maternal
inﬂuences and the precocial nature of their multiple offspring allows the experimenter to
control the inﬂuences of environmental and maternal factors on repertoire development
postnatally. B cell lymphogenesis in swine begins in the fetal yolk sac at 20days of ges-
tation (DG), moves to the fetal liver at 30 DG and eventually to the bone marrow which
dominates until birth (114 DG) and to at least 5weeks postpartum. There is no evidence
that the ileal Peyers patches are a site of B cell lymphogenesis or are required for B cell
maintenance. Unlike rodents and humans, light chain rearrangement begins ﬁrst in the
lambda locus; kappa rearrangements are not seen until late gestation. Dissimilar to lab
rodents and more in the direction of the rabbit, swine utilize a small number of VH genes
to form >90% of their pre-immune repertoire. Diversiﬁcation in response to environmental
antigen does not alter this pattern and is achieved by somatic hypermutation (SHM) of the
same small number of VH genes. The situation for light chains is less well studied, but
certain Vk and Jk and Vl and Jl are dominant in transcripts and in contrast to rearranged
heavy chains, there is little junctional diversity, less SHM, and mutations are not concen-
trated in CDR regions. The transcribed and secreted pre-immune antibodies of the fetus
include mainly IgM, IgA, and IgG3; this last isotype may provide a type of ﬁrst responder
mucosal immunity. Development of functional adaptive immunity is dependent on bacte-
rial MAMPs or MAMPs provided by viral infections, indicating the importance of innate
immunity for development of adaptive immunity.The structural analysis of Ig genes of this
species indicate that especially theVH and Cg gene are the result of tandem gene duplica-
tion in the context of genomic gene conversion. Since only a few of these duplicated VH
genes substantially contribute to the antibody repertoire, polygeny may be a vestige from
a time before somatic processes became prominently evolved to generate the antibody
repertoire. In swine we believe such duplications within the genome have very limited
functional signiﬁcance and their occurrence is therefore overrated.
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THE GENOMIC POTENTIAL FOR THE ANTIBODY REPERTOIRE
IN SWINE
The heavy and light chain genome of swine is organized in the
familiar translocon fashion of other eutherian mammals,i.e.,pla-
centalmammalsversusegg-layers.Theheavychainlocuscontains
s30 VH genes, all members of the same VH3 family (Sun et al.,
1994). There are ﬁve DH segments and ﬁve JH segments. How-
ever only two DH segments and a single JH are functional (Butler
et al., 1996; Eguchi-Ogawa et al., 2010; Table 1). Downstream,
there are genes encoding Cm, Cd, six subclasses of Cg, C+, and
Ca. Like cattle, Cd is also associated with a small switch region
which may or may not be regularly functional (Zhao et al., 2003;
Figure1A). Putative enhancer and promoter elements and switch
regions similar to those described in other mammals have been
reported (Sun and Butler,1997; Eguchi-Ogawa et al.,2010).
Thekappalocusiscomprisedof14–60Vkgenesintwofamilies,
ﬁve Jk segments and a single Ck (Figure 1B; Butler et al., 2004;
Schwartz et al., 2012a; Table 1). The lambda locus is comprised
of 22Vl genes, 13 that appear potentially functional and four Jl
genes (Figure 1B; Schwartz et al., 2012b). Usage of kappa and
lambda gene elements is discussed in Section “The Pre-Immune
Antibody Repertoire of Swine.” The organization of these loci
is generally conserved among eutherian mammals although the
kappa locus is duplicated in rabbits (Table 1). It is not the pur-
pose of this article to provide a phylogenetic review of the Ig
loci of mammals and other vertebrates. We mention only selected
www.frontiersin.org June 2012 | Volume 3 | Article 153 | 1Butler and Wertz The porcine antibody repertoire
Table 1 | Diversity in genomic potential for antibody diversity in common mammals.
Species VH (F a) DH JH V l (F) Jl Cl
b V k (F) Jk Ck k:lc
Human 87 (7) 30 9 70 (7) 7 7 66 (7) 5 1 60:40
Mouse >100 (14) 11 4 3 (3) 4 4 140 (4) 4 1 95:5
Rabbit >100 (1) 11 6 ? (?) 2 2 >36 (?) 8 2d 95:5
Horse >10 (2) >7 >5 25 (3) 4 4 >20 (?) 5 1 5:95
Cattle >15 (2) 3 5 83 (8) >2 4 ? (?) ? 1 5:95
Swine >20 (1) 2e 1e 22(>2) >4 4 14–60 (5) 5 1 50:50
Bat >250 (>5) ? 13 ? (?) ? ? ? (?) ? ? ?:?
aNumber of families (F) of variable region genes.
bJl-Cl duplicons are the common motif in most mammals.
cRatio of expressed light chain in adults expressed as percent.
dRabbits have a duplicate of the entire kappa locus.
eFunctional DH and JH genes.
?, Number is unknown.
speciesasareferencetohelpreaderslessfamiliarwithcomparative
immunology.
THE PIGLET MODEL FOR STUDIES OF ANTIBODY
REPERTOIRE DEVELOPMENT
The piglet provides an ideal model for studies on antibody reper-
toiredevelopmentforanumberof importantreasons.First,swine
are members of the hoofed mammal group,i.e.,Ungulates,which
have a form of placentation that, unlike that in rodents, primates,
and rabbits, does not allow transport of maternal antibodies and
other proteins in utero to the developing fetus (Brambell, 1970;
Butler,1974). Gestation is 114days which allows 84days from the
time that VDJ rearrangements ﬁrst appear to study the develop-
ment of B cells and the antibody repertoire during fetal life in
their multiple large fetuses. Because of the placentation described,
development during this period is considered intrinsic and not
regulated by maternal factors transmitted in utero. Second, the
offspring of swine and all Ungulates are Precocial. In the context
of development, this refers to the ability of newborn Ungulates
to be born totally mobile, with fully functional eyes and protec-
tive fur/hair and the ability to immediately forage. Thus piglets
can be recovered by Caesarian surgery and reared separately from
their mothers in germfree isolators or SPF autosows (Butler et al.,
2009a).Thisallowstheexperimentertocontroltheexposureofthe
postnatal offspring to maternal factors, commensal ﬂora, certain
dietary regimes, and infectious agents.
Theswinehasanothermajoradvantage;sevenmajorVHgenes,
all of the same family, two DH segments and a single JH account
for >90% of the VDJ repertoire (Butler et al., 1996; Sun et al.,
1998). This is true in the yolk sac (YS) at 20 days of gestation
(DG) and continues into adulthood (Butler et al., 2006a, 2011a).
ThusallVDJrearrangementscanberecoveredfromDNAorfrom
transcriptsusingasinglePCRprimerset.Cloningtheserearrange-
ments and using probes that recognize the CDR regions of each
major gene as well as sequence analysis allows vertical studies on
the developing repertoire and for its quantiﬁcation according to a
repertoire diversiﬁcation index (RDI; Butler et al., 2006a, 2011a).
Thesefeaturescollectivelyallowfactorsthatactduringthe“crit-
ical window”of immune development to be addressed (Figure2).
The critical window in the swine system is the period when innate
immunity, “natural antibodies” and passive immunity gain the
help of the developing adaptive immune response system to allow
offspring survival. Survival of the newborn through this critical
period when adaptive responses are poorly developed depends on
passive immunity in which the systemic humoral experience of
the mother is transmitted via IgG and the mucosal experience
by IgA. This is also the time when neonatal tolerance to non-
threatening dietary antigens and commensal gut ﬂora become
established. These topics are discussed in detail in other reviews
(Butler, 1983; Butler and Kehrle, 2005). Relevant to the theme of
this chapter is the role played by colonizing gut ﬂora on the devel-
opment of adaptive immunity and on the diversiﬁcation of the
antibody repertoire.
B CELL DEVELOPMENT IN SWINE
Any discussion of antibody repertoire development requires some
mention of the B cell lineage from which antibodies are derived.
In the fetus, VDJ rearrangements are ﬁrst seen in YS at 20DG
(Sinkora et al., 2003; Sun et al., 2012a). However signal joint cir-
cles (SJC) are difﬁcult to recover at this time, probably because of
the slow rate of B cell lymphogenesis at this early time and the
rapid rate of their degradation (Figure 3). TdT is expressed and
active at this time but N region additions and CDR3 diversity is
low compared to older fetuses and young piglets (Sinkora et al.,
2003; Butler et al., 2007; Sun et al., 2012a). B cell lymphogene-
sis moves to the fetal liver at 30 DG and remains active in this
organ until the bone marrow (BM) develops at s65 DG. SJC are
readily detectable at all these sites indicating that it unlikely the
B cells found in these sites are immigrants. An interesting feature
of heavy chain rearrangements in early B cell lymphogenesis is
the unexpected high frequency (>85%) of in-frame rearrange-
ment(Sinkoraetal.,2003),suggestingthattherearrangementand
selection processes differs between early fetal stages of B cell lym-
phogenesis and those which occurs later in fetal and adult BM.
However, evidence for B-1 and B-2 subpopulations as reported
in mice (Herzenberg et al., 1986) has so far not been obtained.
We also found no evidence that the ileal Peyer patches (IPP) are
a site of B cell lymphogenesis or that they are needed for B cell
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Human       66                 5                     1          
n                   n                    n
Switch µ     Cµ  Cδ Cγ3         Cγ Cγ Cε Cα
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FIGURE 1 |The genomic repertoire of heavy and light chain genes of
swine. (A)The light chain and heavy chain variable gene loci compared to
humans. Duplicons are illustrated in parentheses with the actual number
given in the mini-table above designated as “n.”This includes duplicons of
cassettes as in the lambda locus. In the swine only two DH and one JH gene
segments are functional (given in parenthesis). (B) Variation in the
organization of the heavy chain constant region among human, swine, and
rabbit. Modiﬁed from Butler et al. (2011c).
maintenance (Butler et al., 2011b; Sinkora et al., 2011; Sun et al.,
2012a).
A major departure from the pattern seen in lab rodents and
humansistheorderof lightchainrearrangement.Rearrangement
beginsinthelambdalocusat20DGinYSandisdominantuntilin
late gestation when kappa rearrangements ﬁrst appear (Figure 3;
Sun et al., 2012a). This may not be unusual given that in Ungu-
lates, lambda usage dominates the repertoire; in cattle, sheep, and
horse and it can exceed >90% (Butler, 1997; Table 1). However
usage of light chain isotypes in young pigs and adults is roughly
equal, similar to humans (Hood et al., 1967; Skvaril et al., 1976;
Butler et al., 2005a; Sun et al., 2012a; Table 1). The order of light
chain gene segment usage during development has been poorly
studied in any Ungulate. However, the IGLV8 (Vl8) family is
exclusively used at early sites of B cell lymphogenesis (Vazquez
et al., 2012).
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FIGURE 2 |The critical window of immunological development.The
factor affecting events in the “window” are indicated.There are a number
of cases of superimposing events; e.g., Passive immunity (red)
superimposed on innate immunity (green) produces yellow.The “lined
section” prepartum applies only to species, e.g., mice and humans, in
which passive immunity also takes place in utero. In Ungulates like swine
there is no transfer of passive antibodies in utero. Modiﬁed from Butler
et al. (2006b).
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FIGURE 3 | B cell lymphogenesis in swine. Heavy and light chain rearrangements and signal joint circles (SJC) recovered from.YS, yolk sac; FL, fetal liver, BM,
bone marrow; DG, day of gestation; N.D., not detected.
It has been proposed that B cell development among higher
vertebrates places species into groups (Lanning et al., 2004). In
rodentsandprimatestheBMisthemajorsiteofBcelldevelopment
and diversiﬁcation whereas in rabbit and sheep, gut associated
lymphoidtissues(GALT)arebelievedtobecritical(Lanningetal.,
2004; Mage et al., 2006). However, recent ﬁndings indicate that
swine do not belong to the GALT group (Butler et al., 2011b;
Sinkora et al., 2011). This is based on surgical resection of IPP,
which did not affect B cell lymphogenesis, repertoire diversiﬁca-
tion and maintenance of either B or T cell levels. The swine IPP
appears to be merely a type of mucosal immune tissue.
Some level of class-switch recombination (CSR) occurs during
fetal life, so that IgM, IgG3, and IgA are transcribed and secreted
into serum. However,no environmental antigen is present during
this time and it is unknown whether this CSR involves germinal
center formation. There is also low level somatic hypermutation
(SHM) in rearranged VDJs resulting in <10 mutation per kilo-
base (Butler et al., 2011a). In heavy chain rearrangement these
mutations accumulate in CDR regions. In lambda rearrangement
mutationsareequallydistributedinCDRandFRregions,although
the total mutation frequency is 10-fold lower than in heavy chain
rearrangements (Vazquez et al.,2012). Tests for expression of AID
during fetal life have not been undertaken.
THE PRE-IMMUNE ANTIBODY REPERTOIRE OF SWINE
Wedeﬁnethepre-immunerepertoireastheonepresentinfetaland
newborn piglets. Conventionally reared swine have been previ-
ouslyexposedtobothenvironmentalantigenandregulatoryinﬂu-
encesfrommaternalpassiveantibodies,butisolatorpigletsarefree
of suchinﬂuences.Intheircirculation,newbornshaves30mg/ml
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of IgG, 1mg/ml of IgM, and 2mg/ml of IgA (Butler et al., 2001,
2009b).If maintainedfor5weeksingermfreeconditionsinwhich
dietary protein is the sole source of environmental antigen, IgM
and IgA levels increase 3- to 5-fold to s 6mg/ml,but there is only
a 20% increase in IgG to 40–45mg/ml. Since these animals are
immuno-unresponsive (see below) we suspect this small increase
is an intrinsic developmental effect much as is the CSR and SHM
that occur during fetal life. We base this on the fact that isola-
tor piglets that become immunoresponsive have a 20- to 35-fold
increaseinserumIgacrossallmajorisotypes.Of thesixsubclasses
of IgG, IgG3 accounts for >60% of the Cg transcripts in mucosal
tissues during the period prior to environmental exposure (Butler
and Wertz, 2006).
Anotablevariationonthethemeofrepertoiredevelopmentand
diversiﬁcation from what is presented in textbooks and reviews
concerns VH gene usage. Swine use 7 VH genes to form nearly
their entire VDJ repertoire starting ﬁrst in YS and continuing
throughout gestation and beyond into postnatal life (Figure 4;
Butler et al., 2011a). With minor exceptions, proportional usage
remains constant and the usage does not depend on the position
of the VH gene in the genome (Eguchi-Ogawa et al., 2010; Butler
etal.,2011a).VHG (IGHV2)which isthe most300 functionalgene
is seldom used whereas VHN (IGHV15) can account for 13% of
the repertoire in YS at 20 DG (Butler et al., 2011a; see Antibody
Repertoire Development and the Origin of the Genomic Reper-
toire).ExceptionstotheconstancyofVHusageinvolvesdecreased
usageofVHNinolderfetusesandareciprocalincreaseinusageof
VHC. As will be discussed in more detail in the next section (see
Development of Adaptive Immunity Depends on an Encounter
with MAMPs) this constancy of VH usage continues after birth
in antigenized animals including those reared conventionally and
consequently exposed to a plethora of environmental antigens.
There is no consistent change in the frequency of usage between
thetwoDHsegmentsandswinehaveonlyonefunctionalJH(But-
ler et al., 1996; Eguchi-Ogawa et al., 2010). The small number of
VH,DH,andJHsegmentsusedmeansthatcombinatorialdiversity
is very small, i.e., 14 possibilities compared to s9000 in humans.
Thus,we estimatedthatjunctional diversityinCDR3 accountsfor
>95% of the swine pre-immune repertoire (Butler et al., 2000a).
Asindicatedabove,thefrequencyof SHMremainslowduringthis
periodbutthecomplexityof CDR3ishighandtheGaussianspec-
tratype pattern of CDR3 lengths suggests an unselected repertoire
(Navarro et al., 2000; Butler et al., 2007).
As indicated in Section “The Genomic Potential for the Anti-
body Repertoire in Swine,” the overall genomic structure of the
kappa and lambda loci of swine is similar to that in other well-
studied mammals. Genomic gene annotation may not totally
predict the expressed repertoire. In the case of kappa, 11 func-
tional Vk genes and 5 Jk genes are present in the genome, yet 2
Vk families and 1 Jk segment account for most of the repertoire
(Butler et al., 2004; Schwartz et al., 2012a). In the case of lambda,
Vl usage appears to closely agree with the genomic potential but
only two of the four Jl genes are used (Schwartz et al., 2012b;
Vazquez et al., 2012).
Certain features of the pre-immune light chain repertoire dif-
fer substantially from those in the heavy chain but these features
are not unique to swine. First, SHM is 10-fold lower in light
chainrearrangementthaninheavychainrearrangementof piglets
from the same population. Furthermore there is little junctional
diversity in kappa or lambda rearrangement and CDR3 length is
s302 (Butler et al., 2004;Vazquez et al., 2012). These observa-
tions are nearly identical to studies in humans (Victor et al.,1994;
Bridges et al.,1995;Girschick and Lipsky,2001;Richl et al.,2008).
Of some notice is that in the pre-immune repertoire,SHM is con-
centrated in the CDR region of heavy chain rearrangements but
both are lower and widely distributed in rearranged light chains
(Butler et al.,2006b,2011a;Vazquez et al.,2012). The signiﬁcance
of this difference is unclear. However, one might speculate that
because the antibody binding site is primarily determined by the
heavy chain and its CDR3 (Padlan, 1994) light chain may pro-
vide only a supporting role and their presence primarily affects
the conformation of the heavy chain binding site. Their complete
absenceinthecamelidspartiallysupportsthisview(Nguyenetal.,
2002).
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FIGURE 4 |The proportional usage of 11 porcineVH genes during fetal life.
VHB and VHB* (IGHV6 and IGHV12) are considered as a group in this analysis.
Both the familiar and IMGT nomenclature (if available) are given. Data are
based on >5500 VDJ clones and were analyzed using a computer modeling
program.The horizontal bars and numbers above each VH gene correspond to
the frequency of usage; 1Dhighest frequency. For VHN and VHC, the order
changes during development. UNK includesVH genes other than those shown
and mutated versions of those shown. From Butler et al. (2011a).
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DEVELOPMENT OF ADAPTIVE IMMUNITY DEPENDS ON AN
ENCOUNTER WITH MAMPs
COLONIZATION AND MAMPs
Piglets maintained germfree in isolators for 5–6weeks show only
minor changes in serum Ig levels until after colonized (Butler
et al., 2000b, 2009b; see The Pre-Immune Antibody Repertoire
of Swine), do not have antibodies to dietary proteins (J.E. Butler
and Patrick Weber, unpublished observations) and are unable to
respond to T cell dependent (TD) and T cell independent (TI-2)
antigens. However, colonization with benign Escherichia coli or
a probiotic cocktail, allows responses to both types of antigens
(Butler et al., 2002). In lieu of living bacteria, puriﬁed MAMPs
(bacterialDNAasCpG-ODN,muramyldipeptideorLPS)havethe
same affect (Butler et al.,2005b). Thus,bacterial MAMPs provide
the adjuvant necessary for innate immune receptors to stimulate
the development of adaptive immunity. The impact of such expo-
sureresultsin100-to1000-foldincreaseinserumIgs(Butleretal.,
2009b),CSRtodownstreamCg genes,(Butleretal.,2012a)a3-to
5-fold increase in the frequency of SHM and a 1–2 log increase in
theRDI(Butleretal.,2011a).CpG-ODNandLPSarepolyclonalB
cell activators and can also expand the existing B cell populations
tosecreteIgM,IgA,andIgG3antibodies.However,suchexpansion
cannot be considered a“somatically adapted”repertoire.
REPERTOIRE DIVERSIFICATION FOLLOWING INFECTION WITH RNA
VIRUSES
Viruses have a broad range of effects on adaptive immunity.
Some are polyclonal activators while others suppress immune
responses by interfering with antigen presentation by a variety
of mechanisms (Coutelier et al., 1990; Ehrlich, 1995; Hahn et al.,
1998; Acha-Orbea et al., 1999; Hunziker et al., 2003). How-
ever some, such as inﬂuenza (FLU), stimulate robust antibody
responses, the apparent basis of generally high efﬁcacy FLU vac-
cines. Such viruses generate dsRNA during replication, a known
adjuvant (Cunnington and Naysmith, 1975). In piglets, we have
studiedthreepandemicvirusesincludingswineinﬂuenza(S-FLU)
and another RNA virus called porcine respiratory and reproduc-
tive syndrome virus (PRRSV) which acts as a polyclonal activator
of B cells in both germfree and colonized piglets and fetuses
inoculatedinutero.PolyclonalactivationbyPRRSVresultsinlym-
phoid adenopathy, hypergammaglobulinemia, the appearance of
autoantibodies and the deposition of immune complexes in kid-
ney (Lemke et al.,2004). Infection with PRRSV expands certain B
cellsclonesthatdisplayhydrophobicCDR3s,afeaturecommonto
antibodies that comprise the pre-immune repertoire (Butler et al.,
2007,2008; Schelonka et al.,2007). In addition to polyclonal acti-
vation there is also diversiﬁcation of the repertoire, not dissimilar
fromthatseeninpigletsinfectedwithS-FLUorcolonizedwithgut
ﬂora (Figure 5). However, the degree of repertoire diversiﬁcation
doesnotparalleltheincreaseinserumIgs(Sunetal.,2012b).This
resultsinonlyaverysmallproportionof virus-speciﬁcIgs(Lemke
et al., 2004).
Infection of isolator piglets with S-FLU results in a robust IgG
response to the virus but a much weaker response to irrelevant
model TI-2 and TD antigen than does gut colonization (Butler
et al., 2012a). Thus, S-FLU does not have the same robust adju-
vant impact as does bacterial colonization. This may be due to the
fact that S-FLU offers primarily one TLR ligand, double-stranded
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FIGURE 5 | Diversiﬁcation of the porcine antibody repertoire during fetal
and postnatal life expressed as a repertoire diversiﬁcation index [RDI;
(A)] or as the frequency of somatic hypermutation [SHM; (B)]. DG, days of
gestation. Values for 95 DG are pooled from clone frequencies recovered
from spleen, IPP , and MLN since there were no tissue differences. GF ,
germfree isolator piglets; Col S-FLU, colonized or S-FLU infected isolator
piglets; PIC, parasite-infected young adults reared conventionally. From Butler
et al. (2011a).
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RNA or that the gut innate immune system is more responsive
than that of the respiratory tract. In any case, the result of S-FLU
infection supports the concept that MAMPs awakens the adaptive
immune system.
A third pandemic disease of swine is porcine circo virus Type
2, a small DNA virus (PCV2; Allan and Ellis, 2000; Merial, 2004).
In the piglet model,PCV2 has little or no adjuvant effect in terms
of stimulating the production of antibodies to irrelevant model
TI-2 and TD antigens. However infection with PCV2 nevertheless
resultsinagenerallyrobustresponsetoarecombinantORF2anti-
gen of the virus (Sun et al., 2012c). This IgG response in serum
occursinthecontextofelevatedIgAlevelsinserumandbronchial-
alveolarlavage(BAL).PCV2infectiondoesnotresultinpolyclonal
B cell activation, rather it targets IgA-producing cells. These ﬁnd-
ings further emphasize that the humoral immune response to any
one particular viral infection, should not be projected to other
viral infections.
DIVERSIFICATION OF THE HEAVY VARIABLE REGION REPERTOIRE IS BY
SHM OF VH GENES THAT COMPRISE THE PRE-IMMUNE REPERTOIRE
The user friendly and simpleVDJ system of swine combined with
the other advantages of the piglet model (see The Piglet Model for
Studies of Antibody Repertoire Development) make it possible to
follow the developmental history of the seven major VH genes
that comprise >90% of the pre-immune repertoire in postnatal
animals under various environmental conditions. The surprising
result is that exposure to environmental antigen does not result
in the recruitment of other VH genes from the genomic reper-
toire that are not present in the pre-immune repertoire. Rather,
somatic mutants of the “magniﬁcent seven”VH genes that com-
prise the pre-immune repertoire comprise the adaptive repertoire
(Figure6). In piglets infected with S-FLU,colonized with bacteria
or helminth parasites,the sameVH genes comprise the repertoire
but s90% of them are somatically mutated (Butler et al., 2011a;
Figure 6). The use of somatic gene conversion, prominent in the
rabbit (Knight,1992; Schiaffella et al.,1999;Winstead et al.,1999)
has not been observed in swine.
ENVIRONMENTAL EXPOSURE RESULTS IN CSR TO DOWNSTREAM Cg
GENES
Wedescribedabovethatinnaïvenewbornsandfetalpiglets,>60%
of IgG transcripts encode IgG3. However, fetal infection or post-
natal exposure to virus, normal gut ﬂora or parasitic infection
reduces IgG3 transcription to s5% (Butler et al., 2012a). The
resultant IgG is now encoded by downstream Cg genes of which
IgG1 is a major player (Butler and Wertz, 2006). The switch to
downstream Cg genes (Figure 7A) parallels the diversiﬁcation of
theirVH genes while the repertoire associated with IgM and IgG3
doesnotdiversify(Figure7B).Theseobservationsarefurtherevi-
dence that environmental exposure of fetal and newborn piglets
turnsonthemachineryof theadaptiveimmunesystem.However,
since IgA and IgG3 are already transcribed and secreted by the
fetus, environmental exposure is not obligatory for CSR.
THE SWINE VERSUS ESTABLISHED PARADIGMS OF ANTIBODY
REPERTOIRE DEVELOPMENT
The paradigms for development of the mammalian antibody
repertoire decorate the pages of immunology textbooks and are
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FIGURE 6 |The proportion ofVDJ clones from fetal and postnatal
piglets that hybridize with cocktails that contain probes for the CDR1
and CDR2 regions of the major sevenVH genes used to form the
pre-immune repertoire (see Figure 4). Legend for
hybridization/non-hybridization is on the ﬁgure. Failure to hybridize means
that either other VH genes are used or the major seven VH have been
mutated to the extent that they no long hybridize with the CDR-speciﬁc
probes.The number within the bar representing non-hybridizing VH genes
indicates the proportion that are the major VH genes as determined by
sequence analysis.This means, e.g., that in C/V piglets, 85% are a mutated
version of the seven major genes. GF , germfree; C/V, colonized and/or virus
infected; PIC, parasite-infected conventional pigs.
embodied in a number of classic reviews (Rajewsky et al., 1987;
Cohn and Langman, 1990). Discussed in this section is how well
the swine system ﬁts these paradigms. In the swine system, some
level of CSR and SHM occurs in the absence of environmental
exposure. This may also be the case in lab rodents and in human,
butisambiguousinthesespeciesbecausesuchchangescouldresult
from the regulatory effects of maternal antibodies (Wikler et al.,
1980; Rodkey and Adler, 1983; Yamaguchi et al., 1983; Wang and
Shlomchik,1998)ormaybetheresultof antigentrafﬁckingacross
the maternal-fetal barrier (Tristram, 2005). In any case, newborn
piglets enter the world with a “natural antibody repertoire” of
IgM, IgA, and IgG3 antibodies; a phenomenon that is proba-
bly universal among all vertebrates (Ochsenbein and Zinkernagel,
2000).
In swine, the evolution of antibody repertoire development
appears to have followed a somewhat different path than in mice
and humans. However, we have been unable to identify vertical
studies on VH usage in rodents or humans, equivalent to those
done in swine to thoroughly conﬁrm these differences (Sun et al.,
1998; Butler et al., 2011a). In swine, proportional VH gene usage
appears to be constant from the time of the initial B cell devel-
opment in the YS to adulthood (Butler et al., 2011a). Adaptive
diversiﬁcation of the repertoire depends on SHM of the same
major VH genes that comprise the pre-immune repertoire. In
humans and mice, adaptive responses are often ascribed to the
selective use of certain VH genes (Sheehan et al., 1993; Glas
et al., 2000). Despite these differences between mice and swine,
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FIGURE 7 |Adaptive changes to the antibody repertoire as a result of
postnatal infection with S-FLU. (A) Effect on IgG3 transcription in the
tracheal-bronchial lymph node (TBLN). NB, newborn; GF , 5-week germfree
isolator piglets; S-FLU, 5-week S-FLU infected isolator piglets. (B)The
repertoire diversiﬁcation index (RDI) for VH genes transcribed with IgM, IgG3
and downstream Cg transcripts (called: “other”) in GF and S-FLU infected
piglets.The boxed values are the number of clones examined. Data indicate
that the IgM and IgG3 repertoire does not diversify in S-FLU infection.
there are many similarities. For example, repertoire diversiﬁca-
tion is by SHM with mutations accumulating in the CDR regions
(Berek and Milstein,1987;Butler et al.,2006a,2011a) with no evi-
dence of somatic gene conversion as has been reported in the
rabbit and chicken (Reynaud et al., 1987; Becker and Knight,
1990;Schiaffella et al.,1999;Winstead et al.,1999;Ratcliffe,2006).
Consistent with studies in humans, light chains provide limited
diversity (see The Pre-Immune Antibody Repertoire of Swine).
Also similar to mice and human is the duplication of the Cg
genes and the changes in their expression upon antigenic stim-
ulation (Mossman and Coffman, 1989). This of course differs
from lagomorphs that have a single Cg gene but 13 genes for
IgA that comprise their repertoire (Burnett et al.,1989; Figure1).
Like humans and rodents, there is no apparent equivalent to the
specialized IgG1 of ruminant artiodactyls that is believed to be
essential for passive immunity from mother to young, and which
also appears to function as a mucosal antibody (Butler, 1983;
Butler and Kehrle, 2005). In regard to mucosal immunity, swine
have essentially the same IgA-dependent system as rodents and
humans including a well-developed gut-mammary gland axis.
Both swine and rodents lack the specialized long-hinged IgA1
of humans and primates, which is especially susceptible to bac-
terial proteases (Plaut et al., 1974) although H. suis produces an
unrelated protease that cleaves both porcine IgA allotypic variants
and may well cleave the IgA of most mammals (Mullens et al.,
2011).
At this point, information on diversiﬁcation of the light chain
repertoire of swine may be inadequate. At this time there is little
to suggest that only a small number of Vl or Vk genes comprise
thediversiﬁedrepertoireof thelightchainsinthemannerwehave
described for the VH genes in this species. Rather, a much larger
array of Vk and Vl genes are used (Butler et al., 2004; Vazquez
et al., 2012). However, like mice and humans, length junctional
diversity in the light chain repertoire is restricted (Victor et al.,
1994; Bridges et al., 1995; Girschick and Lipsky, 2001; Richl et al.,
2008).Butunlikethecamelids,anotherUngulate,lightchainshave
not become obsolete (Hamers-Casterman et al., 1993; Nguyen
et al.,2002). There is much to favor the idea that light chains help
stabilize the heavy chain binding site and allow speciﬁcity mod-
iﬁcation and therefore the rescue of autoreactive B cells through
receptor editing (Tiegs et al., 1993).
As regards the adjuvant effect of bacterial and viral MAMPs
that act on innate immune receptors, this is most likely a univer-
sal phenomenon among higher vertebrates that go on to develop
an effective adaptive immune system. In any case, this topic falls
outside the main theme of this review.
ANTIBODY REPERTOIRE DEVELOPMENT AND THE ORIGIN OF
THE GENOMIC REPERTOIRE
ORIGIN AND IMPORTANCE OF THE GENOMIC REPERTOIRE
Discussion of the expressed antibody repertoire should also con-
sider its genomic origin. The presence of an annotated gene is
not alone evidence for its function; the many breeds of dogs are a
poignant example. Insight into why the genomic repertoire of Ig
genesgreatlyexceedsthefunctionalrepertoiremayhelptoexplain
their phylogeny. This can help to explain the redundancy that is
a feature of the genomic repertoire which can assure an effective
adaptive immune system among higher vertebrates.
DUPLICATION AND GENOMIC GENE CONVERSION EXPLAINS THE
PORCINE VH AND Cg GENOMIC REPERTOIRE
Figure8 aligns the sequences of a number of porcineVH genes to
show that with minor exceptions, they only differ in their CDR1
and CDR2 regions. Thus, the genomic repertoire is a “mix and
match” CDR potpourri, with CDR regions shared among differ-
ent VH genes. Certain VH genes like VHA and VHA* (IGHV4
and IGHV10) and VHB and VHB* (IGHV6 and IGHV12) are
duplications with several mutation; one in the CDR1 region of
VHB* and two in FR3 of VHA*. In fact there is evidence that the
genes segments encoding these duplicated VH genes and several
otherswereduplicatedasablock(Eguchi-Ogawaetal.,2010)sim-
ilar to the duplicons in the human heavy chain constant region
and the JlCl loci of all studied mammals (Figure1B). These fea-
tures of duplicated genes are also seen among the VH genes of
bats (Bratsch et al.,2011; Butler et al.,2011d). These comparisons
support the hypothesis that the germline VH repertoire in swine
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FIGURE 8 | Evidence in support of duplication ofVH genes in swine.
Diagrammatic comparison of 16 of 32 VH3 family genes described for swine.
The sequences are drawn to approximate scale. CDR sequences are
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0 VH genes have been
mapped; pseudogenes are not shown.Those VH genes with the same A,B,
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FIGURE 9 |The gene structure of 11 porcine Cg genes representing the
six expressed IgG subclasses and allotypes of swine. Different marking
patterns are used to identify domain sequences. Domains with the same
pattern indicate they are shared among Cg genes. Note that no domains
are shared with IgG3.
results from gene duplication that occurred simultaneously with
genomic gene conversion. The same mechanism appears evident
when the sequences of the six expressed porcine Cg genes and
their allotypic variants are compared (Figure9). For example,the
allotypicvariantsof IgG1andIgG4havethesamehingeexonsand
the hinge of IgG5a is shared with the allelic variants of IgG6.With
exception of IgG5b and IgG3, the Cg1 domain of all Cg subclass
genes and their alleles are identical.
Dendogramanalysesof sequencedatathatareoftencalledphy-
logenetic studies,indicate that IgG3 is the ancestral IgG for swine.
This and other evidence indicates that subclass diversiﬁcation
occurred after speciation (Kehoe and Capra, 1974; Nguyen, 2001;
Butler et al.,2009c).We believe the other ﬁve Cg genes then diver-
siﬁed from IgG3. Convincing evidence could be best obtained by
studying the Cg subclasses of other swine related species that are
related to the ancestors of the domesticated pig. Consistent with
studies on human Cg (LeFranc et al.,1991),there is also evidence
for deletion of some Cg genes in some pigs (Butler and Wertz,
2006; Eguchi-Ogawa et al., 2012).
THE RESTRICTED USE OF VH GENES IN SWINE QUESTIONS THE
IMPORTANCE OF COMBINATORIAL DIVERSITY
As shown in Table 1, lab rodents, rabbits, humans, and bats have
and/orexpresslargenumbersofVHgenes;thesameistrueforthe
more primitive Zebraﬁsh (Weinstein et al., 2009). In swine and
ruminant artiodactyls, the number is surprisingly low. In swine
with s30 VH genes, only seven appear to be used/needed for a
healthy adaptive immune system. Many of the others may repre-
sent only allelic variants, so the actual number of germline VH
genesmaybe<20.Thisraisesaquestionaboutthetextbookpara-
digms of the importance of multipleVH genes and combinatorial
diversity in generating a protective antibody repertoire. This was
tested by Xu and Davis (2000) who used a mouse with a single
functional VH gene, but with an intact DH and JH region. They
showed this transgenic mouse could make antibodies to nearly
all environmental antigens. This can be interpreted to mean that
extensive duplication of VH genes is not required for the ability to
makeantibodiestomanyspeciﬁcities.Thismayexplainwhyrumi-
nant artiodactyls and swine have a small genomic repertoire yet
are among the most successful mammals on the planet (Table 1).
However the Xu and Davis work also suggests that the critical
feature is DH and JH polygeny, which invokes the next question
of how swine generate diversity with only two functional diver-
sity segments and a single JH. This brings the focus to junctional
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diversity in the formation of CDR3 and away from the emphasis
on the number of functionalVH, DH, and JH segments. CDR3 is
considered most important for the speciﬁcity of antibodies (Pad-
lan,1994),whether generated from a genome with many available
DH and JH segments, or from a genome with just one or sev-
eral DH and JH segments. Perhaps this is compensated by light
chain diversity, yet the camelids do it without the assistance of
light chains (Hamers-Casterman et al.,1993; Nguyen et al.,2002).
IS THE DIVERSIFICATION OF THE IgG SUBCLASSES IN MAMMALS
REALLY NECESSARY FOR SPECIES SURVIVAL?
Textbooks and reviews emphasize the importance of the division
of labor among different antibody isotypes; each constant region
permitting some special biological function, i.e., following the
accepted concept of structure function relationship. While this
is clear for IgM, IgE, IgA, and IgG, applying this to the subclasses
of IgGislessconvincing,especiallyinspecieslikethehorse,swine,
and bats that have large numbers of Cg variants while the highly
successful rabbit lacks subclass variants. We also know that IgD
knockout mice behave normally (Nitschke et al., 1993), rabbits
lackIgDaltogether(Lanningetal.,2003)andevenmammalswith
a gene for IgD apparently do not express it. In humans, deﬁcien-
cies of individual IgG subclasses are well known but these have
not translated to an effect on human health,even in environmen-
tally stress underdeveloped countries (LeFranc et al.,1983;Olsson
et al., 1993; Rabbani et al., 1995). In mice, differential IgG sub-
class expression is related to the balance between inﬂammatory
and regulatory cytokine (Mossman and Coffman,1989) but there
is little evidence that the resulting subclasses make a difference in
protectiveimmunity;i.e.,doestheabsenceeitherof IgG1orIgG2b
antibodiesreallyaffectprotectiveimmunity?Fourdecadesof phe-
nomenological studies in the veterinary world would suggest that
the IgG1 subclass is indispensable for passive immunity in rumi-
nant artiodactyls. However,an IgG1 knockout cow or ewe has not
been produced to experimentally test this assumption. The same
is true in horses in which antibodies of different IgG subclasses
have long been described, seven IgG subclasses are known from
gene sequences but evidence in support of a unique role for each
of these subclass antibodies in the horse immune response is lack-
ing. The study of the many IgG subclasses in swine is only in its
infancybecauseuntilrecently,thesubclasseshadnotbeendeﬁned
(Butler et al., 2009c; Kloep et al., 2012). This lack of progress has
been largely due to the lack of IgG subclass reagents for use in
immunoassays and, of course, the lack of subclass knockout ani-
mals.Asolutiontotheﬁrstproblemisnowunderway(Butleretal.,
2012a,b)
The point to be made is that with the possible exception of
ruminantIgG1,evidenceisnotstrongthatsubclassdiversiﬁcation
of IgG is really necessary for survival of the host especially since
rabbits accomplish this with one gene for IgG. Perhaps the IgA
polygenyof rabbitscompensatesforthis“deﬁciency,”butthereare
no data that address this point and evidence for a unique role for
each of the 13 different IgA subclasses in rabbits is missing.
THE ORIGIN OF VH AND Cg POLYGENY
As early as 1932, gene duplication was discussed as an essential
feature of the evolutionary process (Haldane,1932; Bridges,1936;
Ohno,1970).Variousmechanismsareknownorproposedinclud-
ingRNA/DNAtransposition,non-homologouscrossingover,and
even entire gene duplication (Woody and McConkey, 2011). The
ﬁrsttwoareoftenreferredtoasgenomicgeneconversion,although
this term seems most appropriate to explain non-homologous
crossing over (Meselson and Radding, 1975; Szostak et al., 1983).
In humans, mouse and rat genomes, s15% of all genes repre-
sent tandemly arrayed genes (Shoja and Zhang, 2006). Tandem
duplication also creates redundancy (Li et al., 2005) and this
is what is seen among Ig genes, especially those encoding the
variable heavy and light chain loci and in some species the Cg
genes.Tandemarrayeddupliconsarequiteoftenconservedamong
species (Zhang, 2003); a phenomenon that also appears true for
the Ig variable region genes of swine (Eguchi-Ogawa et al., 2010).
Sincetandemduplicatesaremainlyattributedtonon-homologous
cross-overs,manyormostemergeasfunctionalgenes(Woodyand
McConkey,2011). During evolution these duplicons appear to be
retained in the genome despite their apparent redundancy (Xue
and Fu, 2009). Duplication reduced selective pressure on single
genes since one or several of the duplicated“offspring”genes can
more rapidly accumulate mutations and therefore assume new
functions while not comprising the function of the parent gene
(Ohno, 1970; Lynch and Conery, 2000; Kondrashov et al., 2002).
Whiletheexactmechanismremainsunknown,evidencepoints
to non-homologous recombination (gene conversion), acting
together with gene duplication, as the mechanism forVH and Cg
polygeny in mammals. This is consistent with studies that some
proportion of these duplicated genes will be non-functional, i.e.,
pseudogenes (Wolfe and Shields, 1997). This is speciﬁcally seen
among the tandem duplicons in the VH,Vk,Vl loci, and among
especially the Cg genes of the constant heavy chain sublocus in
all higher vertebrates. Among the duplicated VH and Cg gene in
swine,the 50 region that encodes FR1 or CH1 respectively,is most
conserved among duplicons and among species. While this might
suggest progressive 50 to 30 mutation of the duplicated genes dur-
ing evolution,this does not seem to be the case for the forVH and
Cg genes of swine. For example, the hinge regions of Cg genes
are most variable in swine and other mammals (Figure 9; Butler
etal.,2009c).WhiletheFRregionsof porcineVHgenesarenearly
identical, the CDR1 and CDR2 segments differ and are shared.
Thus the CDR regions of VH genes and the hinge segment of Cg
genesareperhapsthebestcandidatesforgenomicgeneconversion
rather than point mutation during evolution.
SHM REDUCES THE VALUE OF VARIABLE REGION GENE POLYGENY
Most evolutionary genetic studies of protocaryotic and eucaryotic
species focus on changes in the genome that are transmitted to
the offspring in Mendelian fashion. Studies on adaptive immu-
nity, a system most developed in mammals, introduced a new
mechanismforvariability,namelysomaticgenerationof antibody
speciﬁcity. This process involves somatic rearrangement of gene
segments, additions/subtractions of nucleotide at the boundaries
of rearranged segments plus SHM of these rearrangements. The
rate of the latter is several logs greater than for the mutations that
accumulate in the genome.
Well-developed adaptive immune systems that follow this pat-
tern are primarily restricted to mammals and the chicken and are
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associated with the expression of AID (see below). Such somatic
processes are difﬁcult to identify in cartilaginous and bony ﬁshes
and are present at reduced frequency in amphibians (Du Pasquier
et al., 1998, 2000). At least SHM and CSR in mammals are asso-
ciated with the formation of germinal centers that involves the
expression of a member of the APOBEC family called antigen-
activated cytidine deaminase (AID; Honjo et al., 2002). In lieu of
this feature, elasmobranches have s200 cassettes of fused V-D-J-
C genes in their genome although there are some variations on
this theme (Dooley and Flajnik, 2006). The genome of Xenopus
tropicalis contains 11 VH gene families and 37Vl genes encoded
at three loci (Qin et al., 2008). Among eutherian mammals, some
bats have >250VH genes,lab rodents and human s100,and rab-
bits s200 (Bratsch et al., 2011; Table 1). Many of these VH genes
are known to be pseudogenes, consistent with data on tandem
gene duplication (Wolfe and Shields,1997). In general, bats (Chi-
roptera) and rodents which are considered primitive eutherian
mammals, have more VH genes whereas Ungulates, that emerged
later, have few VH genes (Table 1). This is superﬁcial support
for the hypothesis that the generation of antibody diversity by
SHMorsomaticgeneconversionhasminimizedtheneedforlarge
numbers of variable region gene segments and the importance of
combinatorial diversity in more recently evolved mammals.
We believe that vertebrates initially evolved the need for mul-
tiple VH genes to create a repertoire of speciﬁc antibodies but
with the subsequent development of somatic rearrangement and
especially SHM, the needs for such polygeny became increasingly
redundant. Thus, tandemly duplicated VH genes remain in the
genome as evolutionary relics.
LESSONS FROM STUDIES ON ANTIBODY REPERTOIRE
DEVELOPMENT IN PIGLETS
The use of the piglet model to study antibody repertoire develop-
ment has provided useful information on the B cell system of this
species that often differs from the textbook models describing the
process. Thus, the basis of the title of the review. It is also incon-
sistent with proposals that place hoofed mammals in the GALT
category in which development of the B cell repertoire depends
on hindgut lymphoid tissue (Lanning et al., 2004). Collectively
considered, our studies indicate that:
(1) Diversity of the pre-immune repertoire in swine is almost
exclusively dependent on junctional diversity in CDR3 of the
heavychainfollowedbySHM,sinceonlysevenVHgeneswith
shared CDRs,two DH genes and one functional JH comprise
thefunctionalrepertoireandsuchdiversityisgreatlyrestricted
in light chain rearrangements.
(2) Repertoire diversiﬁcation after antigen encounter is by SHM
primarily in the CDR regions of the rearranged heavy chain
variable regions. Evidence for somatic gene conversion, junc-
tional diversity or SHM in light chains that might contribute
to extensive antibody repertoire diversiﬁcation is lacking.
(3) Light chain rearrangement occurs ﬁrst in the lambda locus
and there is no evidence of a special Vl gene like l5 that is
used in the earliest phases of B cell lymphogenesis. This raises
the question of whether the conventional pre-BCR is present
in swine or any artiodactyls.
(4) The prominent hindgut lymphoid tissue of swine, the IPP,
is not required for B cell lymphogenesis, maintenance of B
cell levels or repertoire development. This opens the ques-
tion regarding the true function of this lymphoid organ.
Here we propose it represents“ﬁrst responder”mucosal lym-
phoid tissue. A key factor in this scenario is that IgG3,
which is encoded by the most 50 Cg gene, shares this
same genomic feature with mice, cattle, and humans. Per-
haps this primordial IgG provides the “natural antibod-
ies” that target the polysaccharide antigens of intestinal
bacteria.
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